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The multi-level disturbance of underground and surface caused by coal mining activities intensifies the deterioration of the ecological environment in the mining area. Among them, the uneven settlement caused by coal mining is the most intuitive manifestation of surface environmental damage. The uneven settlement in the mining area has the characteristics of large settlement magnitude and severe deformation. Therefore, based on 15 Sentinel-1A image data, this paper uses three methods: SBAS InSAR, continuous D-InSAR and offset tracking technology to monitor the surface deformation of the mining area. The results show that the continuous D-InSAR technology SBAS-InSAR technology is applied to the small deformation in the edge area of the subsidence basin. The mining area with low gradient subsidence of SBAS-InSAR can obtain better performance than continuous D-InSAR technology. The offset tracking technique is used to monitor the large gradient deformation in the center of the subsidence basin. Therefore, this paper proposes to expand the quantitative analysis through the spatial coherence threshold and the accuracy and successful image elements of the interference fringe displacement. Combine the advantages of the three methods and overcome the shortcomings of each method, fuse the deformation information of the three methods, and obtain the deformation law of the whole surface subsidence. The results show that the mean absolute error (MAE1-1) of continuity D-InSAR is 0.92 m, the mean absolute error (MAE2-1) of SBAS-InSAR is 0.94 m, and the mean absolute error (MAE3-1) of Offset-tracking is 0.25 m. The results of this fusion method are in good agreement with the measured data, and the mean absolute error (MAE4-1) of vertical displacement is 7 cm. Therefore, the fusion method has advantages over individual methods and provides a new idea in monitoring the large gradient deformation of coal mining subsidence in mining areas.
Keywords: continuous D-InSAR, mining subsidence, SBAS, Offset-tracking, comparative analysis
INTRODUCTION
The intense coal mining has brought about a large number of ecological and environmental problems, especially in some areas with fragile native ecological environments. On top of that, the multi-level disturbance of both underground and surface by coal mining production activities has aggravated the deterioration of the ecological environment in mining areas (Du and Song, 2022; Li et al., 2022), while the uneven settlement caused by coal mining is regarded as the most intuitive manifestation of surface environmental damage (Hu Z. et al., 2014; He et al., 2016). Uneven subsidence causes also severe damage to both infrastructure and buildings and can endanger human life and property. It is interesting to notice that between 1949 and 2002, the total area of ground subsidence caused by coal mining only in China exceeded 700,000 ha, with consequent economic losses of more than 50 billion RMB equivalent to $7 billion (Yao et al., 2021). Therefore, it is quite important to explore a large-scale monitoring method for studying the surface deformation in mining areas with longer time series and a high degree of accuracy.
Nowadays, the traditional technical means of monitoring coal mine subsidence mainly use Global Navigation Satellite System (GNSS) measurements, as well as geodesy. The comparative advantage of these methods is that they can provide a high degree of accuracy, in terms of geographic location, and higher accuracy in monitoring single point deformation. However, their inherent limitations cannot be avoided. More specifically, they are (1) labor-intensive, time-consuming, and costly, while the maintenance of a good state of monitoring signs for a long time is difficult. (2) The investigation team must enter the monitored area, which significantly increased the difficulty and risk of the task. (3) The monitoring points are sparsely distributed and few in number, whereas the accuracy of the monitoring results is limited by the reasonableness of the deployment of the GNSS points. (4) They exhibit low spatial resolution. The mine area has a lot of vegetation and the terrain is undulating. Moreover, the field of view is limited, and the line-of-sight length of the level measurement limits the spatial resolution. (5) The employed traditional measurement technology means in the spatial deformation distribution induced a change in the measured pattern and the historical succession information process is difficult to effectively monitor large-scale regional (Ma et al., 2016).
With further improvements in remote sensing and image processing, the potential of remote sensing technology for Earth observation was explored. Along these lines, in 1969, Interferometric Synthetic Aperture Radar (InSAR) was initially applied to extract the digital elevation model (DEM) data (Rabus et al., 2003). The Differential Interferometric Synthetic Aperture Radar (D-InSAR) technique is an extension of the InSAR technology. In 1996, Carnec et al. (1996) captured the slow subsidence of the ground surface caused by underground coal resource mining by using the D-InSAR technology. The D-InSAR technique was first applied to monitor subsidence deformation due to coal mining and proved a feasible method to obtain the surface deformation. Compared with the traditional method, the D-InSAR approach has the advantages of all-weather, all-time, wide spatial coverage, as well as low labour intensity and cost. Due to the working characteristics of the D-InSAR technology, it has been widely applied to monitor various types of deformations including large-scale urban land deformation information (Qu et al., 2014; Xiong et al., 2021), seismic deformation (Békési et al., 2021; Li et al., 2021), landslide deformation (Liu et al., 2016; Bekaert et al., 2020), coal mining subsidence (Kim et al., 2021; Modeste et al., 2021), volcanic deformation (Wang et al., 2018; Di Traglia et al., 2021) building deformation displacement of significant nature (Bayik et al., 2021; Ruiz-Armenteros et al., 2021) and other fields.
In mining areas, surface deformation is usually characterized by a complex nonlinear behavior with large amounts of subsidence in a short period of time (Zhao et al., 2014). The accuracy of the conventional D-InSAR technique, which uses a single interferometric SAR pair to acquire surface deformation, is limited by several factors related to the spatial and temporal de-correlation, signal delay caused by atmospheric artifacts, and orbital or topographic errors (Liu et al., 2014). It is thus difficult to obtain valid measurements, which seriously affects the accuracy of the results. The application of the continuum D-InSAR technique has been widely proposed in the literature to monitor coal mining subsidence with rapid deformation (Przyłucka et al., 2015; Pawluszek-Filipiak and Borkowski, 2020; Chen et al., 2021). Interestingly, this method can acquire high precision surface deformation data in mine areas where no high gradient deformation has occurred. However, the atmospheric delay noise cannot be overcome. As a result, no reliable subsidence information can be obtained when the continuous D-InSAR method is used for long time series monitoring (Chen et al., 2020). In order to overcome the error factor caused by the atmospheric delay and the topographic phase of the D-InSAR method from obtaining more accurate subsidence data, various time series InSAR techniques have been proposed. Among them, the small baseline InSAR (SBAS-InSAR) technique (Berardino et al., 2002) is widely used for surface deformation monitoring applications. SBAS was developed from the traditional D-InSAR technique, where the least-squares (LS) and singular value decomposition (SVD) algorithms are used to decompose very long spatial baselines of SAR datasets into small baseline sets. The surface deformation information of highly coherent pixels was obtained based on multi-scene SAR images to characterize the time-series surface deformation. With the development of sophisticated algorithms such as coherent target point extraction-based algorithms and error elimination-based algorithms significant time series model improvements have been attained. The optimization and monitoring accuracy of SBAS has also improved accordingly (Ma et al., 2016). However, when the surface deformation was larger than the maximum measurable degree of in SAR, i.e., when the gradient of the displacement deviation exceeds half of the wavelength, confounding occurs during the phase deconvolution process, which prevents the correct deconvolution of the interferometric phase. This effect usually occurs in areas with large deformation gradients in the mining subsidence centre.
As was mentioned above, the InSAR technique has inherent limitations in estimating high-gradient deformation. The offset-tracking technique is used as a new monitoring method that is independent of the deformation gradients. It extracts deformation information of tilt range and flight direction from two SAR images in conjunction with intensity information by calculating the pixel offset at the same position (Shi et al., 2015). Due to the low resolution of the early SAR images, they were mainly applied to glacier movement (Strozzi et al., 2002), earthquake (Michel et al., 1999), and landslide (Shi et al., 2015) monitoring. As the resolution of the acquired SAR images increased, the technique was gradually applied to the monitoring of large gradient mine deformation (Yao et al., 2021).
For the Xuemiaotan mining area, the displacement rate of the working face mining subsidence deformation is changed dramatically, whereas the settlement magnitude is 3–4 m. As far as the traditional D-InSAR monitoring technology is concerned, long time baseline leads to the problems of decoherence and low accuracy. Under this perspective, the goal of this work is to employ the multi-temporal continuity D-InSAR technology, SBAS-InSAR technology, and offset-tracking technology data fusion. As a result, the formation of large gradient deformation monitoring in the centre of the subsidence basin was attained, to obtain the spatial distribution of the vertical deformation change law of the mining workface. The spatial distribution of the vertical deformation of the mining face was finally obtained.
STUDY AREA AND DATSETS
Study area
The Xuemiaotan mine under investigation is located between the northeastern part of the urban area of Yulin City and the southwestern part of the Yushen Mining District in Yunlin City, Shaanxi Province. It possesses the following geographical coordinates: 109°42′00″ E - 109°48′33″E, 38°25′50″ N- 38°29′50″N, while the mine covers an area of about 33 km2. As is shown in Figure 1, the mine site is located in the border area between the Mu Us Desert and the Loess Plateau in the northern Shaanxi Province, whereas most of the surface is covered by loose sediments of the Quaternary System. In addition, the topography is relatively undulating and fragmented. The elevation of the mine area is generally high in the southeast and low in the northwest. Moreover, it is slightly higher in the middle and lower in the south and west, with elevations ranging from 1145 to 1250 m. The highest elevation of 1294.5 m is located in the southeast of the mine area and the lowest elevation of 1133.4 m is located in the west of the mine area, with a maximum height difference of 161.1 m. The regional geomorphology of the mine area is mainly wind-deposited sand, consisting of fixed sand, semi-fixed sand and flowing sand dunes, accounting for 85% of the total area, with a vegetation cover of 5–30%; the relative height difference is between 5 and 15 m. There are no buildings in the study area.
[image: Figure 1]FIGURE 1 | Location of the study area (A,B,C).
Xuemiaotan coal mine area is a typical near horizontal shallow buried coal mine, the study area is the mining face of mine 30302, the mining depth is 200 m, the average coal seam thickness is 6.4 m, the coal seam inclination angle is in 0°–1°, the average mining rate is about 5.5 m/day, and the coal seam roof management adopts the full collapse method.
Datasets
In this work, the 15-view SAR image data are Sentinel-1A TOPSAR images, which were provided by the amplitude European Space Agency (ESA), and these images were acquired between 6 February 2019, and 5 August 2019. The Sentinel-1A TOPSAR image operation mode was adopted as the Interferometric wide swath (IW) mode. The satellite revisits time is 12 days. The spatial resolution of the image was 2.33 m × 13.97 m, namely, the range (satellite line of sight (LOS)) × azimuth (along the satellite orbit). The image data cover range was between 103°28′E–111°55′E, 39°34′N–37°32′N, and can be completely covered by the mining area. The basic feature information of the SAR images is shown in Table 1.
TABLE 1 | Metadata about the data used in the presented study.
[image: Table 1]The external data include the DORIS Precision Orbit Data File (AUX _ POEORB), which was provided by the European Space Agency and the 3-arc-second (about 90 m spatial resolution) Space Shuttle Radar Topography Mission (SRTM) DEM data, which was provided by the National Aeronautics and Space Administration (NASA) and the measured GNSS leveling data at the 30302-working face of the mining area.
METHOD AND DATA PROCESSING
The deformation of the Xuemiaotan Coal Mine was estimated through the analysis and fusion of multi-temporal continuous D-InSAR, SBAS-InSAR and Offset-tracking technology. For the cross-validation of the deformation results obtained by each method and the measured GNSS leveling results, the analysis method was good and bad. The Kriging interpolation method was also used to generate the deformation map of the mining area and compare it with the measured GNSS level. In this work, the interference software was SNAP, and the analysis software was ArcGIS. The technical route is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic illustration of the Technology Roadmap.
Multi-temporal D-InSAR technology processing
The D-InSAR technique is regarded as interferometric processing of radar images from two views at different times in the same area. It is actually a technique to acquire surface deformation with the phase information of SAR-based complex images. The basic principle of the phase interference processing is to obtain an interference fringe map, excluding the terrain phase, flat earth phase, atmospheric phase and noise phase effects, which can be derived from the observation area deformation phase. Finally, the deformation phase information is converted into surface deformation. In the case of repeated orbit interferometry, the interference phase of two images can be expressed by the following formula (1).
[image: image]
Where [image: image] is the noise phase, [image: image] stands for the topography phase, [image: image] represents a deformed phase, [image: image] denotes the atmospheric phase, [image: image] is the flat phase and K is integer ambiguity.
Many studies in the literature have demonstrated the effectiveness of the D-InSAR technique in monitoring the rapid displacement of the terrain over short periods of time (Corsa et al., 2022; Liu et al., 2022; Valerio et al., 2022). However, the inability to remove the atmospheric phase has led to a decrease in the accuracy of the D-InSAR monitoring process. Despite the influence of the atmospheric phase on the estimation results, the D-InSAR technique can provide reliable results. Therefore, this method has been effectively applied in this work. Nowadays, two multi-temporal D-InSAR methods exist, namely continuous D-InSAR and cumulative D-InSAR techniques. The cumulative D-InSAR technique is characterized by fixing the master image and selecting time-varying slave images for interference (e.g., [image: image] , [image: image] , [image: image] ...... [image: image] ). However, this method is usually very sensitive to time decoherence issues. As the time interval between the master image and the slave image is gradually increased, the increase of the time baseline leads to the increase in the time decoherence. In contrast, in the continuous D-InSAR technique, adjacent interferograms are calculated and accumulated to provide the complete time-series interferometric results (e.g., [image: image] , [image: image] , [image: image] ...... [image: image] ). A low-time baseline is used in this technique, thus minimizing the impact of temporal decoherence (Lanari et al., 2007) However, this method also has some shortcomings. More specifically, there are some errors in the displacement phase estimated by interferogram (residual topography phase, atmospheric delay phase). Therefore, the errors are superimposed with time series, resulting in severe error accumulation (Yang et al., 2017).
As can be ascertained from Table 2, the time baseline for most of the interferometric pairs is 12 days, including 24 days for nine numbered pairs. Besides, the maximum spatial baseline is 81.839 m, which is much smaller than the critical value (±5153.507 m), and the Doppler mass difference value is −27.301, which is smaller than the critical value (±486.486) that suitable for phase interference.
TABLE 2 | Differential interferogram data key information.
[image: Table 2]Based on the time continuity of 15 different SAR images, the following were processed to obtain the surface deformation along the LOS direction: master-slave image registration, interferogram generation, leveling effect, interferogram filtering denoising, coherence coefficient calculation, phase unwrapping, orbit refining and re-leveling, geographic coding, and phase transformation deformation data. The Goldstein adaptive filtering method was chosen for the filtering process (Goldstein and Werner, 1998). The minimum cost flow (MCF) method was also used to perform the phase unwinding. We have to underline that the study of errors related to ionospheric delay was omitted due to the small size of the study area.
The LOS deformation variable was decomposed in three dimensions as is shown in formula (2) (Hu J. et al., 2014), where DLOS represents the LOS directional displacement, θ is the incidence angle of the radar signal, α stands for the heading angle, which is defined as the angle between the satellite flight direction and true north, DV denotes the LOS directional projection in the vertical direction displacement component, DN signifies the LOS directional projection in the north direction displacement component, and DE represents the LOS directional projection in the east direction displacement component. The single-track InSAR method was used in this test to ignore the horizontal displacement, namely formula (3) (Przyłucka et al., 2015; Ma et al., 2016). The LOS direction deformation projected to the vertical direction after geometric transformation.
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SBAS-InSAR technology processing
The time-series InSAR technology was the first proposed method to overcome the limitations of D-InSAR technology, whole among the various time-series D-InSAR technologies, the SBAS-InSAR and PS-InSAR technologies are considered the most widely used technologies. Since the ground in the Xuemiaotan coal mine area is significantly affected by the original mining subsidence, the ground objects have almost no backscattering characteristics that can remain stable for a long time. Thus, the traditional PS-InSAR technique cannot obtain effective and stable scattering points. Moreover, the sparse vegetation cover in the study area has high coherence and good results for the short baseline SBAS-InSAR method. This study adopts the SBAS-InSAR technology. The basic principle of the SBAS-InSAR technology has been proposed in many reports in the literature (Pawluszek-Filipiak and Borkowski, 2020). Therefore, the principle of the SBAS-InSAR technique is not described in this work. Many studies have demonstrated the effective application of the SBAS-InSAR technique in monitoring surface displacement (Wang et al., 2022). 6 February 2019, was chosen as the master image (red dots Figure 3) and the rest as the Slaves image (black dots Figure 3) to align the primary image, which can generate n (n-1)/2 = 105 interferometric pairs according to the theoretical formula.
[image: Figure 3]FIGURE 3 | SBAS-InSAR connection diagram.
In order to further improve the data interference quality and ensure that the data minimize the spatial baseline to produce de-correlation, the spatial baseline threshold was set to 3% and the time baseline threshold was set to 100 days. Finally, 94 interferometric pairs with good coherence were generated, and the connection diagram is shown in Figure 3. In this work, the post-SBAS-InSAR was abbreviated as SBAS.
Considering that the magnitude of deformation in the study area is too large and the surface fragmentation is serious, difficulties arise for the phase unwrapping due to the large area of the low coherence factors, the most MCF method was used for phase unwrapping, and the threshold of unwrapping coherence was set to 0.35. By using the Goldstein filter to remove the coherent noise error caused by the system, the parameter window size was 64 × 64 pixels. The average displacement, the average displacement rate and the DEM correction were estimated by two inversion calculations. The velocity in the LOS direction was geometrically decomposed into vertical direction by formulas (2, 3).
Offset-tracking technology processing
By considering the limitations of the interferometric techniques in monitoring areas with high deformation gradient magnitude, the offset tracking technique was used to compensate for the monitoring of large deformation areas. More specifically, the underlying principle of the offset tracking technology was to estimate the satellite orbit offset and surface deformation offset by correlating various SAR images of two different time periods in a correlation window. Subsequently, the satellite orbit offset component was removed from the total offset through the precision orbit data file to obtain the surface deformation volume (Qu et al., 2012). The offset tracking techniques can usually be divided into two implementation methods: intensity tracking and coherence tracking. In this work, the study area was selected as a semi-arid sandy region, and the surface deformation was large by using the coherent offset-tracking technique, which will be out of decoherence to a certain extent. Therefore, the offset-tracking method based on the intensity of the SAR images was used to estimate the deformation in distance and azimuth directions.
By considering the resolution accuracy of the images, performing a multi-view image overlay will lead to error accumulation. For that reason, two views of images on 2019.02.06 (mining time) and 2019.08.05 (post-mining time) were selected. The basic parameters are shown in Table 3. The optimal parameter settings were established through several offset tracking experiments, while the intercorrelation window size was 128 × 128 pixels, the resampling was 4, the normalized cross-correlation (NCC) threshold was selected as 0.2, the window step was 1 × 1 about 10 m search window, and the maximum speed was set according to the wellfield mining data as 1 m/day.
TABLE 3 | Select the main information and basic parameters of the image.
[image: Table 3]Methods fusion parameter selection
The number of the raster image elements and the accuracy of the interferometric stripe displacement (2π period) of the decoupling results in the study area changes significantly for the continuous D-InSAR and SBAS-InSAR techniques at different coherence thresholds. As is shown in Figure 4, with the increase of the coherence threshold, the accuracy of the unwrapping results is increased with the inverse function, but the number of the unwrapped pixels is decreased. Based on the coherence and unwrapped pixel number curve, the optimal coherence thresholds (0.35) of the continuous D-InSAR and SBAS techniques were obtained at inflection points A and B, respectively. The extracted curves of the SBAS method under different correlation thresholds have the same trend as those of the D-InSAR approach. In the same coherence threshold, due to the failure of the SBAS unpacking, the number of grid pixels in the results was less than that of continuous D-InSAR. Continuous D-InSAR data were also applied in the failure area of the SBAS unpacking to reduce the large error brought by the fusion offset-tracking results.
[image: Figure 4]FIGURE 4 | Analysis of interferometric stripe displacement accuracy and the number of image elements for successful phase decoupling under different coherence thresholds.
Based on the above analysis, the division of the fusion data boundaries in this work was usually based on the degree of coherence. The regions with coherence less than 0.35 were divided into large gradient deformation (offset-tracking), whereas the regions with coherence greater than 0.35 (continuous D-InSAR, SBAS) were divided into small gradient deformation regions.
RESULT AND DISCUSSION
Continuous D-InSAR interferometry results
For the continuous D-InSAR interferometry, the master image was not fixed to the same image. 14 images were sequentially used as the master image, while the image imaged later was employed as the slave image. The time baseline was approximately the same as the satellite revisit period. The continuum D-InSAR acquisition process is shown in Figure 5 for the vertical time-series deformation map during mining from 6 February 2019, to 5 August 2019. It can be seen that the mining subsidence at the working face 30302 occurred between March and July, whereas the maximum subsidence of the D-InSAR results was 0.13 m.
[image: Figure 5]FIGURE 5 | Time-series deformation field of the continuous D-InSAR30302 working face.
Figure 6 clearly shows that the surface of the working face 30302 in the mine area was obviously deformed and displaced from southeast to northwest direction, which was consistent with the actual working face mining direction. The deformation trend was also increased from the central area to the edge area from both sides. The monitoring results were only collected at the sinkhole boundary, and the maximum settlement of SBAS results was 0.024 m. However, due to the large deformation gradient of the working face and the temporal decoherence, a cavity appeared at the centre of the sinkhole ellipse in striking contrast with the continuous D-InSAR technique, which is able to obtain the residual deformation variables at the location of the cavity in SBAS.
[image: Figure 6]FIGURE 6 | Time-series deformation field of the SBSA-InSAR30302 working face.
Reliability assessment of interferometry
In order to further compare the difference between the SBAS and continuous D-InSAR results, ArcGIS was used to extract the same part of the point values of the two methods. As can be observed in Figure 7, the error frequency distribution was similar to the normal distribution and was mainly distributed near the value of 0.01 m. Obviously, the deviation of the results was mainly caused by the fact that D-InSAR does not remove the atmospheric phase.
[image: Figure 7]FIGURE 7 | Histograms of the SBAS-InSAR and the continuous D-InSAR techniques.
Two profile lines were selected, namely Aa’, Bd’ and 38 GNSS observation points (P1—P17) on the working surface of 30302 to further compare the deformation trend of the SBAS and D-InSAR methods in the vertical direction.
Figures 8B,C show the dynamic cumulative deformation curves of some observation points and the advancing direction of the working face. The distribution of the recorded data can be ascribed to the fact that the coal seam is roughly close to the level. Interestingly, in the early period of observation in March 2019, the driving position of the working face was far from the strike observation line. Therefore, the surface of the strike observation line was negligibly affected by the underground mining activities, and the surface deformation displacement was small. When the tunneling time was close to May 2019, the ground to the observation line was affected by mining, and the settlement value was increased sharply. Finally, with the continuous advancement of the working face, the ground subsidence gradually weakened, and finally reached a basic stable state after a period.
[image: Figure 8]FIGURE 8 | (A) GNSS points and profile lines Aa and Bd arranged along the strike and dip direction of the working face (B) Time series deformation map of the continuous D-InSAR trend observation point, (C) Time series deformation map of the SBAS-InSAR towards observation point.
Figures 9A,B display that the two interference measurement results are roughly consistent, and the overall trend is subsidence. Nevertheless, the SBAS method lacks monitoring results in the central area. Only the root means square error (RMSE) and the mean absolute error (MAE) methods were introduced to evaluate the same unpacking area of SBAS and continuous D-InSAR. For the Aa and bd profiles of RMSE the value of 2.85 mm, MAE: 1.06 mm, 16.6 mm, MAE: 6.5 mm were extracted, respectively. Hence, it can be argued that a small difference exists between the two results.
[image: Figure 9]FIGURE 9 | (A) SBAS vs. continuous D-InSAR for profile line Aa, (B) Comparison of SBAS and continuous D-InSAR in profile Bb.
The actual GNSS data were used, which were obtained on-site at the 30302-working face of the mine during the survey to verify the results of each interferometry. As can be ascertained from Figure 10A, the maximum deformation of the center area of the measured results was about 3 m. Figure 10B shows that the accuracy of the acquired SBAS monitoring results at the mining subsidence boundary (P1 to P8) was better than the continuous D-InSAR results. However, the continuous D-InSAR results at (P9 to P11) were better than the SBAS.
[image: Figure 10]FIGURE 10 | (A) Comparison of the GNSS results with the SBAS-InSAR and continuous D-InSAR results in the measured trend line (P1–P17), (B) Local enlargement at the red circle in (A).
The extracted SBAS results at the strike observation points (P1 to P17) were subsequently analysed in comparison with the measured GNSS shape variables, and the following results for the SBAS root mean square error (RMSE1-1) and mean absolute error (MAE1-1) were calculated, respectively: 1.52 and 0.94 m. In addition, P1 to P9 were analysed for error, RMSE1-2 was 5.2 mm and MAE1-2 was 3.7 mm, while at the observation points (P10 to P17) RMSE1-3: 1.52 m and MAE1-3: 0.93 m. Similarly, for the continuum D-InSAR method at the observation points (P1 to P17) the values of RMSE2-1: 1.5 m, and MAE2-1: 0.92 m were estimated, whereas at the observation points (P1 to P9) RMSE2-2: 6.1 mm, MAE2-2: 4.0 mm. Moreover, at the observation points P10 to P17, the values of RMSE2-3: 1.50 m, and MAE2-3: 0.92 m were calculated. It can be found that the SBAS method for the fine deformation monitoring at the edge of the working face has 1 mm RMSE error compared to the continuous D-InSAR, whereas the D-InSAR results were better than SBAS at the transition zone from the subsidence centre to the edge. The actual results of the two interferometric methods at the subsidence centre are far different.
Offset-tracking technology reliability assessment
Since the large deformation in the mine area occurred within 6 days, this data re-entry time was 12 days. For the InSAR technology (SBAS, D-InSAR) monitoring at the centre of the subsidence basin in the mining area, a large magnitude deformation was formed, which was beyond the interferometric processing monitoring capability. The measured results of the two interferometric methods have a large difference in magnitude compared to the GNSS approach at the centre of the subsidence basin. In order to solve the problem of the interval time between the above two scenes’ images, which was larger than the duration of large deformation and thus the subsidence centre area cannot be monitored, the application of the offset-tracking method was proposed. This approach was complementary to the interferometric techniques.
The LOS direction deformation was calculated by the registration of two SAR intensity images on 6 February 2019 and 5 August 2019, and it was decomposed into vertical component deformation. As is shown in Figure 11A, the whole area of the working face presented a subsidence deformation trend, while the maximum deformation of the deformation centre was about 3.6 m. Figure 11B shows that the trend of the method was similar to the measured GNSS results at the centre of the subsidence area, and the error was obvious at the subsidence boundary.
[image: Figure 11]FIGURE 11 | (A) Deformation field of the offset-tracking technology mining area (B) Comparison map of the GNSS method and offset-tracking deformation towards observation points.
In order to further verify the accuracy and feasibility of the proposed method, the offset tracking results of the direct observation line were compared with the GNSS results in the vertical direction. The root mean square error (RMSE3-1) and the mean absolute error (MAE3-1) of the observation lines P1 to P17 were 0.29 and 0.25 m, respectively. Among them, the root means square error (RMSE3-2) and the mean absolute error (MAE3-2) of the observation points (P10 to P17) in the GNSS sinkhole centre area were 0.12 and 0.08 m, respectively. Obviously, the offset-tracking technique was less accurate in monitoring micro deformation compared with the continuous D-InSAR and SBAS-InSAR techniques.
Offset-tracking, SBAS-InSAR, and continuity D-InSAR results fusion reliability evaluation
Due to the problems of the large deformation gradient and wrong unpacking in the SBAS method, the subsidence boundary and the centre of the subsidence basin appeared ' void '. The monitoring accuracy of the continuous D-InSAR method was better than the offset-tracking method since it compensates for the data at the ' void ' of the subsidence boundary. We have to underline that the maximum value cannot be obtained by the interference method when the interference processing and monitoring ability is beyond the deformation basin centre of the mining area.
Therefore, the SBAS technique was used to monitor the subsidence edge part, while the continuity D-InSAR technique compensates for the SBAS unwrapping error at the subsidence boundary that produces no results. Additionally, the offset-tracking technique was used to monitor the subsidence centre area, and finally, the data of the three methods were fused to obtain the complete deformation field of the study area. The results of the above-mentioned three methods were combined by applying the ArcGIS software tool raster image converted to points. Each point was located in the centre of mass of the raster pixels, which were then used for the implementation of the exponential semi-variance function model from the Kriging interpolation method. Continuous D-InSAR with offset-tracking points was also used only for the regions where no information was provided by the SBAS results.
In Figures 12A,B the comparison results between the measured data of the monitoring points along the working face and the continuous D-InSAR, SBAS-InSAR and the Offset-tracking combined monitoring are presented. More specifically, Figure 12B shows that the fusion curve on both sides of the edge was in better agreement with the measured results than in the centre area. Besides, it is obvious that the monitoring accuracy of the interference measurement is higher than that of the Offset-tracking. As can be observed from Figure 9B, in the direct observation line (P1 ∼ P17), the maximum absolute error of the variables in the vertical direction was 0.33 m (at P11), while the root mean square error (RMSE4-1) was 0.11 m and the average absolute error (MAE4-1) was 0.07 m.
[image: Figure 12]FIGURE 12 | (A) Figure fusion of Offset-tracking and interferometric measurement results, (B) Measured observation point GNSS and vertical deformation after the fusion process.
Comparative evaluation of three methods
Although the subsidence area of the 30302-working face in Xuemiaotan Mine was monitored by the integration of Offset-tracking, SBAS-InSAR and D-InSAR techniques, each method has its own advantages and disadvantages. As far as the SBAS-InSAR technology is concerned, it cannot estimate the manifestation of large deformation in the central part of the subsidence area. However, its comparative advantage lies in the effective removal of some of the errors caused by the atmospheric phase delays (Liu et al., 2014). In contrast, the continuous D-InSAR method can capture the missing part produced by the failure of the SBAS-InSAR deformation boundary unwrapping, but the interferometric limitation in the subsidence centre region illuminates a large difference with the measured GNSS results. As can be seen from Figures 7B,C, the D-InSAR curve is consistent with the respective GNSS curve development trend. On top of that, since there no Sentinel-1A/B binary data in the study area, the re-entry time can only reach 12 days for one image. However, the short return period has also certain advantages for monitoring the subsidence caused by the rapid deformation of coal mining. The main limitation of the continuous D-InSAR is that atmospheric phase deformation is easily observed in the stable region, but the monitoring accuracy was much higher than the Offset-tracking technology.
The LOS direction offset value was obtained by the Offset-tracking technology by employing the image migration method. Nevertheless, the accuracy of this method is strongly dependent on the resolution of the acquired SAR images. According to the research, the accuracy of the Offset-tracking technology can reach 1/20–1/30-pixel size. Obviously, this method is suitable for monitoring areas with large scale and deformation magnitude. Therefore, the advantage of this method is complementary to the continuous D-InSAR technology that cannot monitor regions with poor coherence and large deformation. The IW mode resolution of the Sentinel-1 image was 2.33 m × 13.97 m, and the image accuracy can only reach the decimeter level. Obviously, by using high-resolution SAR images, the accuracy of this technique can be improved. In contrast, the technical disadvantage is that the millimeter-level monitoring cannot be achieved in the micro-deformation area. The high accuracy of DEM-based data is also accompanied by small errors in terrain phase removal. In this work, the accuracy of DEM–based data with 90 m spatial resolution was poor, and the selection of high-precision DEM data was beneficial to reduce the error. The results of the three methods were fused by the Kriging interpolation method. Compared with the error of the individual technical results, the results of the fusion method in this work (MAE, RMSE) are better than those of the individual methods.
CONCLUSION
For the problems of coal mine subsidence deformation and displacement changes, the traditional InSAR monitoring technology cannot effectively monitor the large gradient deformation of mining subsidence. In order to solve the limitations of traditional InSAR technology. This paper is based on the analysis of coherence threshold, interference fringe displacement accuracy, and number of unfolded image elements through several experiments. The method of fusing the continuity D-InSAR technique, SBAS-InSAR technique and offset-tracking technique is proposed. The fusion threshold is 0.35. The Kriging prediction model of ArcGIS software was applied to integrate the results of the three techniques. The spatial distribution change pattern of surface deformation in the study area. The results show that: 
1. When using the continuous D-InSAR technique in mine surface subsidence monitoring, good performance can be obtained in mine areas with linear or low-gradient subsidence. However, the results of continuous D-InSAR do not meet the monitoring requirements due to the interference de-correlation caused by large deformation gradients in the mine area.
2. By alleviating a small part of the interference decoherence through a small baseline set and applying low-pass filtering to eliminate part of the influence of atmospheric artifacts, SBAS-InSAR can extract the surface small deformation information with higher accuracy compared to continuous D-InSAR.
3. In the same coherence threshold, the number of raster image elements that result from the SBAS phase unfolding failure is less compared to the continuum D-InSAR. In the settlement boundary area, the failure position of SBAS unpacking is given a null value, but the actual settlement here is micro deformation. The application of continuous D-InSAR data at the SBAS unpacking failure location can reduce the error of offset-tracking data carried into the fused data.
4. Offset-tracking technique obtains the corresponding deformation by calculating the pixel offset, which is suitable for large scale deformation monitoring and can compensate for the large deformation gradient area that cannot be obtained by continuous D-InSAR and SBAS-InSAR. The accuracy is lower in the small deformation monitoring, and its monitoring accuracy reaches image resolution 1/20 to 1/30. Usually, the monitoring accuracy is lower than SBAS-InSAR and D-InSAR techniques, and the Offset-tracking technique error dominates in the fusion. The optimal parameter settings require several trials in different study areas.
Combining interferometric techniques and Offset-tracking methods, the monitoring results are analyzed in terms of the mean absolute error with the level data. The results show that the accuracy of the proposed fusion method should not be less than 0.07 m. The monitoring results of this method are basically consistent with the general rule of mining subsidence, and provide a new idea for monitoring surface mining subsidence and geological environment management in mining areas.
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